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$Q ,PSHGDQFH 0DWUL[ 7UDQVIRUPDWLRQ IRU 3ODQDU
&LUFXLW ,QWHJUDO (TXDWLRQ 6ROYHUV

)� &HUYHOOL� 0� 0RQJLDUGR� /� 7DUULFRQH

,VWLWXWR GL (OHWWURQLFD

9LD *� 'XUDQWL� ��� ������ 3HUXJLD� ,WDO\�

$EVWUDFW_ :H GHVFULEH DQ HpFLHQW DQDO\VLV RI SODQDU
FLUFXLWV ZKLFK PDNHV XVH RI D VWDWH�RI�WKH�DUW LQWHJUDO
HTXDWLRQ DSSURDFK LQ FRQMXQFWLRQ ZLWK D QHZ EDQGZLGWK
UHGXFWLRQ DOJRULWKP�
7KH 03,( LV IRUPXODWHG E\ FRQVLGHULQJ WKH UHFHQWO\ LQ�
WURGXFHG FORVHG IRUP H[SUHVVLRQV IRU WKH *UHHQ
V IXQF�
WLRQV� VWDQGDUG URRI�WRS EDVLV IXQFWLRQV DUH XVHG GXULQJ
WKH GLVFUHWL]DWLRQ RI WKH 0HWKRG RI 0RPHQWV� 7KH PD�
WUL[ VSDUVHQHVV LQWURGXFHG E\ D WKUHVKROGLQJ SURFHGXUH
KDV SURYHQ VXpFLHQW IRU WKH DSSOLFDWLRQ RI DQ HmHFWLYH
EDQGZLGWK UHGXFWLRQ DOJRULWKP ZKLFK \LHOGV� LQ DOO WKH
FRQVLGHUHG FDVHV� D VLJQLnFDQW UHGXFWLRQ RI FRPSXWHU HI�
IRUW �PD[LPXP VSHHG�XSV RI DERXW �� WLPHV��

,� ,QWURGXFWLRQ

(pFLHQW PRGHOLQJ RI SULQWHG FLUFXLWV DQG DQWHQQDV LV
FUXFLDO LQ FXUUHQW PLFURZDYH HQJLQHHULQJ >�@� >�@ DQG KDV
VWLPXODWHG VHYHUDO FRQWULEXWLRQV� LQ SDUWLFXODU D PL[HG�
SRWHQWLDO LQWHJUDO HTXDWLRQ �03,(� ZDV SURSRVHG E\
0RVLJ >�@� >�@ DQG� PRUH UHFHQWO\� WKH ODWWHU IRUPXODWLRQ
ZDV HQKDQFHG E\ WKH HYDOXDWLRQ RI VXLWDEOH FORVHG�IRUP
VSDWLDO�GRPDLQ *UHHQ
V IXQFWLRQV >�@� &RQVLGHUDEOH HI�
IRUWV DUH FXUUHQWO\ PDGH WR LPSURYH WKH HpFLHQF\ DQG
DFFXUDF\ RI WKHVH QXPHULFDO PHWKRGV� H�J� WKH LQFOX�
VLRQ RI �' XQNQRZQ FXUUHQWV� HpFLHQW FKRLFHV IRU WKH
6RPPHUIHOG LQWHJUDWLRQ SDWKV >�@� WKH HQKDQFHPHQW RI
WKH FRPSOH[�LPDJH PHWKRG >�@ IRU PXOWLOHYHO VWUDWLnHG
PLFURVWULS OLQHV >�@� >�@� 7KH DERYH PHQWLRQHG FRQWULEX�
WLRQV DUH PDLQO\ LQ WKH GLUHFWLRQ RI UHGXFLQJ WKH FRPSX�
WDWLRQ WLPH UHTXLUHG IRU nOOLQJ WKH LPSHGDQFH PDWUL[�
$QRWKHU GLUHFWLRQ RI LQYHVWLJDWLRQ KDV EHHQ WR FRQ�

VLGHU D EDVLV IXQFWLRQ H[SDQVLRQ VXFK DV WR LPSURYH PD�
WUL[ VSDUVHQHVV >��@� >��@ E\ XVLQJ ZDYHOHWV� +RZHYHU�
WKHLU LQWURGXFWLRQ UHTXLUHV VLJQLnFDQW FKDQJHV LQ WKH WKH�
RUHWLFDO IRUPXODWLRQ RI WKH SUREOHP DQG LQ WKH FRGH LP�
SOHPHQWDWLRQ� KHQFH SUHYHQWLQJ WKHLU ZLGH DSSOLFDWLRQ�
:H SUHVHQW D GLmHUHQW DSSURDFK� ZKLFK DOORZV XV WR

REWDLQ VSDUVH PDWULFHV �YLD DQ DSSURSULDWH WKUHVKROG�

LQJ RI LWV HOHPHQWV� ZLWK EDQGHG VWUXFWXUH� E\ VXLWDEO\
UHQXPEHULQJ VWDQGDUG W\SH RI EDVLV IXQFWLRQV� 7KLV DS�
SURDFK LV SDUWLFXODUO\ DSSHDOLQJ VLQFH LW FDQ EH HPSOR\HG
ZLWK PLQLPDO� LI DQ\� FKDQJH LQ WKH FRGH VWUXFWXUH� PRUH�
RYHU WKH UHODWLYH SHUIRUPDQFHV DUH VXEVWDQWLDOO\ VXSHULRU
WR RWKHU SUHYLRXV DSSURDFKHV�
7KH SDSHU LV VWUXFWXUHG DV IROORZV� 6HFWLRQ � GHVFULEHV

WKH PDLQ IHDWXUHV RI WKH 03,( DSSURDFK ZLWK FORVHG�
IRUP *UHHQ
V IXQFWLRQV� ZKLOH 6HFWLRQ � IRFXVVHV RQ LWV

QXPHULFDO SURSHUWLHV� 6HFWLRQ � GHVFULEHV WKH VWUDWHJ\
WR LPSURYH SHUIRUPDQFHV YLD WKH UHQXPEHULQJ DOJRULWKP�
6HFWLRQ � SUHVHQWV VRPH UHVXOWV� DQG nQDOO\ FRQFOXVLRQV
DUH GUDZQ�

,,� 7KH 03,( DSSURDFK ZLWK &ORVHG�IRUP

*UHHQ
V )XQFWLRQV

7KH 03,( LV REWDLQHG E\ XVLQJ /HRQWRYLFK ERXQGDU\
FRQGLWLRQ� DIWHU VXLWDEOH VHOHFWLRQV RI WKH YHFWRU SRWHQ�
WLDO $� RI WKH /RUHQW] *DXJH� DQG E\ LQWURGXFLQJ WKH

*UHHQ
V IXQFWLRQV xx*$ DQG *T IRU WKH VXUIDFH HOHFWULF
FXUUHQW GHQVLW\ -6 DQG IRU WKH VXUIDFH HOHFWULF FKDUJH
GHQVLW\ T6 � ,Q WKLV ZD\� WKH IROORZLQJ 03,( HTXDWLRQ LV
UHFRYHUHG�
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,Q WKH ���� (H GHQRWHV WKH H[FLWDWLRQ HOHFWULF nHOG� DQG
=V DQG -6 GHQRWH WKH VXUIDFH LPSHGDQFH DQG HOHFWULF
FXUUHQW GHQVLW\ UHVSHFWLYHO\� $V LQLWLDOO\ SURSRVHG IRU
VLQJOH�OD\HU VWUXFWXUHV� >�@� DQG IXUWKHUO\ H[WHQGHG WR
PXOWL�OD\HU SUREOHPV� >��@� >��@� >��@� FORVHG�IRUP VSDWLDO
GRPDLQ *UHHQ
V IXQFWLRQV FDQ EH DQDO\WLFDOO\ HYDOXDWHG�
7KH HTXDWLRQ ��� LV GLVFUHWL]HG DQG VROYHG XVLQJ WKH

*DOHUNLQ
V YHUVLRQ RI 0R0� WRJHWKHU ZLWK URRI�WRS EDVLV
IXQFWLRQV� VR WKDW D OLQHDU V\VWHP
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LV JHQHUDWHG� 7KH HQWULHV =LM LQ WKH LPSHGDQFH PDWUL[
UHSUHVHQW WKH WDQJHQWLDO HOHFWULF nHOG JHQHUDWHG E\ WKH
M�WK EDVLV IXQFWLRQ DQG ZHLJKWHG E\ WKH L�WK WHVW RQH�

,,,� 1XPHULFDO 3URSHUWLHV RI WKH /LQHDU

6\VWHP

7KH DFFXUDF\ RI WKH LPSOHPHQWHG PHWKRG LV GHPRQ�
VWUDWHG LQ )LJ� �� ZKHUH QXPHULFDO UHVXOWV DUH FRPSDUHG
ZLWK H[SHULPHQWDO GDWD IRU D GRXEOH VWXE >��@� $V DS�
SDUHQW IURP WKLV nJXUH� WKH WKHRUHWLFDO DPSOLWXGH DQG
SKDVH DUH ERWK LQ JRRG DFFRUGDQFH ZLWK H[SHULPHQWDO
GDWD�
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$ VLJQLnFDQW DPRXQW RI WKH QXPHULFDO HmRUW RI WKH
DERYH SUREOHP LV LQ WKH VROXWLRQ RI WKH OLQHDU V\VWHP ����
,W FDQ EH SHUIRUPHG XVLQJ D VWDQGDUG GHQVH *DXVVLDQ
VROYHU� DV WKH V\VWHP PDWUL[ LV JHQHUDOO\ GHQVH� $ PRUH
GHWDLOHG DQDO\VLV RQ UHDO FDVHV� DQ\ZD\� RSHQV GLmHUHQW
SHUVSHFWLYHV� ,Q )LJ� ��� WKH SDWWHUQV RI WKH V\VWHP PD�
WUL[ IRU WKH WZR FLUFXLWV UHSRUWHG LQ WKH UHVSHFWLYH nJXUHV
DUH VKRZQ� 'LmHUHQW JUD\ OHYHOV FRUUHVSRQG WR GLmHUHQW
PDJQLWXGHV �ZKLWH LV ]HUR� EODFN LV WKH PD[LPXP PDJ�
QLWXGH LQ WKH PDWUL[�� $ YDOXH VPDOOHU WKDQ ��b� LV
]HURHG� ,W FDQ EH HDVLO\ QRWHG WKDW VHYHUDO HQWULHV FDQ
EH QHJOHFWHG� ,W LV DSSDUHQW WKDW� HYHQ XVLQJ VWDQGDUG
URRI�WRS EDVLV IXQFWLRQV� RQO\ D IHZ HQWULHV UHWDLQ DQ
DPRXQW RI LQIRUPDWLRQ VLJQLnFDQW HQRXJK WR VROYH WKH
SUREOHP ZLWK DGHTXDWH DFFXUDF\� 7KHUHIRUH� LW PDNHV
VHQVH WR DVN WKH IROORZLQJ TXHVWLRQ� KRZ LV WKH QXPHU�

LFDO DFFXUDF\ DmHFWHG ZKHQ DOO HQWULHV VPDOOHU WKDQ D

FHUWDLQ WKUHVKROG YDOXH� Y
W
� DUH QHJOHFWHG"� :H LQFOXGH

LQ )LJ� ��� D WDEOH SURYLGLQJ VRPH FOXHV WR DQVZHU WKLV
TXHVWLRQ� )RU VHYHUDO YDOXHV RI Y

W
� WKH V\VWHP VROXWLRQ

DQG WKH FLUFXLW VFDWWHULQJ SDUDPHWHUV DUH HYDOXDWHG DQG
FRPSDUHG ZLWK WKH YDOXHV FRPSXWHG FRQVLGHULQJ DOO WKH
HQWULHV LQ WKH V\VWHP PDWUL[� 7KLV ZD\� DQ H[WLPDWLRQ
RI WKH HUURUV GXH WR WKH WKUHVKROGLQJ SHUIRUPHG RQ WKH
PDWUL[ HQWULHV LV IHDVLEOH� ,W FDQ EH REVHUYHG WKDW IRU
YDOXHV RI Y

W
VPDOOHU WKDQ ��b�

c ]
PD[

�ZKHUH ]
PD[

LV WKH
PD[LPXP HQWU\ LQ WKH PDWUL[�� QXPHULFDO HUURUV DUH VWLOO
FRPSDUDEOH ZLWK H[SHULPHQWDO RQHV� 7KLV REVHUYDWLRQ LV
DOVR FRQnUPHG RQ VHYHUDO RWKHU WHVW FLUFXLWV�

2Q WKH EDVLV RI WKLV FRQVLGHUDWLRQ� LW FDQ EH FRQFOXGHG
WKDW LQ PDQ\ FDVHV WKH V\VWHP PDWUL[ FDQ EH UHGXFHG WR
D VLJQLnFDQWO\ VSDUVH RQH ZLWKRXW DmHFWLQJ WKH QXPHUL�
FDO DFFXUDF\� ,WV SHUFHQWDJH RI QRQ�]HUR HQWULHV �ZH FDOO
LW VSDUVLW\� GHSHQGV RQ Y

W
� :KHQ D FLUFXLW PXVW EH PRG�

HOHG LQ D FHUWDLQ IUHTXHQF\ UDQJH� WKH PDWUL[ VSDUVLW\ FDQ
EH SUHVHUYHG DW HYHU\ IUHTXHQF\� LI WKH DSSURSULDWH YW LV
HYDOXDWHG DW WKH PD[LPXP IUHTXHQF\ YDOXH�

,9� 6SHHGLQJ�XS WKH 6\VWHP 6ROXWLRQ

$V WKH V\VWHP ��� FDQ EH FRQVLGHUHG VSDUVH� D nUVW
DQG WULYLDO VSHHG�XS FDQ EH DFKLHYHG E\ XVLQJ D VSDUVH
VROYHU� VXFK DV� IRU LQVWDQFH� DQ LWHUDWLYH ELFRQMXJDWH
JUDGLHQW PHWKRG �%&*�� /XFNLO\� DV GHPRQVWUDWHG LQ
>��@� LQ VHYHUDO HOHFWURPDJQHWLF �(0� QXPHULFDO SURE�
OHPV� DQ DOWHUQDWLYH VWUDWHJ\ FDQ EH TXLWH HmHFWLYH� ,W
FRQVLVWV LQ SHUIRUPLQJ D VXLWDEOH WUDQVIRUPDWLRQ RQ WKH
V\VWHP PDWUL[� VR WKDW LW LV WUDQVIRUPHG LQWR D EDQGHG
RQH ZLWK UHGXFHG EDQGZLGWK� WKHUHDIWHU EDQGHG VROYHUV
FDQ EH XVHG ZLWK YHU\ KLJK SHUIRUPDQFH� ,Q IDFW� WKH VR�
OXWLRQ WLPH GHSHQGV TXDGUDWLFDOO\ RQ WKH PDWUL[ EDQG�
ZLGWK� DQG WKH HmHFW RI DQ HmHFWLYH EDQGZLGWK UHGXFWLRQ
LV FRQVLGHUDEOH�

,Q WKLV SDSHU� D QHZ PHWKRG� FDOOHG :RQGHUIXO %DQG�
ZLGWK 5HGXFWLRQ $OJRULWKP �:%5$�� LV XVHG WR SHU�
IRUP EDQGZLGWK UHGXFWLRQ� VXSHULRU WR SUHYLRXV FRP�
PHUFLDO DQG SXEOLF�GRPDLQ RQHV� ,W LV GHYHORSHG LQ RU�
GHU WR DFKLHYH KLJK HmHFWLYHQHVV RQ WKH W\SLFDO SDWWHUQV
RI VSDUVH PDWULFHV HQFRXQWHUHG LQ (0 QXPHULFDO SURE�

OHPV� 6LQFH LW LV GHVFULEHG LQ >��@� WKH LQWHUHVWHG UHDGHU
LV DGGUHVVHG WR WKLV UHIHUHQFH IRU IXUWKHU GHWDLOV�
7KHUHIRUH� WKH SURSRVHG VWUDWHJ\ FDQ EH VXPPDUL]HG

LQ WKH IROORZLQJ VWHSV
q 9HULI\ LI D VXLWDEOH Y

W
H[LVWV DQG VHOHFW LW

q 6HW WR ]HUR DOO WKH PDWUL[ HQWULHV VPDOOHU WKDQ Y
W

q 7UDQVIRUP ZLWK :%5$ WKH VSDUVH OLQHDU V\VWHP
LQWR D EDQGHG OLQHDU V\VWHP

q 8VH D EDQGHG VROYHU WR VROYH WKH V\VWHP

9� 5HVXOWV

,Q WKLV VHFWLRQ ZH FRPSDUH WKH SHUIRUPDQFH RI WKH
03,(�0R0 LPSOHPHQWDWLRQ ZLWK D VWDQGDUG GHQVH
*DXVVLDQ �'*� DOJRULWKP XVHG WR VROYH WKH OLQHDU V\V�
WHP ���� ZLWK UHVSHFW WR XVLQJ WKH %&* VSDUVH RQH RU WKH
:%5$ WRJHWKHU ZLWK D EDQGHG /8 GLUHFW VROYHU �%1��
7KH '*� WKH %&* DQG WKH EDQGHG VROYHU DUH DYDLODEOH
LQ /$3$&. SXEOLF GRPDLQ OLEUDU\�
7KH nUVW H[DPSOH LV WKH ��SRUW FLUFXLW RI )LJ� �� )RU

WKLV FLUFXLW� VWXGLHG LQ WKH UDQJH ������� *+]� WKH UHOD�
WLYH GLHOHFWULF FRQVWDQW LV ���� DQG WKH FHOO GLPHQVLRQ LV �
PP �VTXDUHG FHOOV DUH FRQVLGHUHG�� 7KH V\VWHP PDWUL[
KDV D VL]H RI ���� DQG DIWHU XVLQJ YW  ��

b�� LW EHFRPHV
D PDWUL[ ZLWK D VSDUVLW\ RI DURXQG ���� DQG EDQGZLGWK
���� $IWHU XVLQJ :%5$ �ZKLFK H[HFXWLRQ WDNHV DURXQG
��� V� WKH nQDO EDQGZLGWK RI WKH WUDQVIRUPHG PDWUL[ LV
��� ,Q 7DE� ,� WKH WLPH WR HYDOXDWH D GLVSHUVLRQ FXUYH
ZLWK ��� IUHTXHQF\�SRLQWV LV JLYHQ IRU WKH WKUHH LPSOH�
PHQWDWLRQV �'*� %&* DQG :%5$�%1�� 7LPHV DUH LQ
VHFRQGV� DQG UHIHU WR DQ ,%0 ��� 7�

0HWKRG 7RWDO 7LPH

*- ����
%&* ����

:%5$�%1 ����

7DEOH ,

7KH VHFRQG H[DPSOH LV WKH ��SRUW EUDQFK FRXSOHU RI )LJ�
�� )RU WKLV FLUFXLW� VWXGLHG LQ WKH UDQJH ������� *+]� WKH
UHODWLYH GLHOHFWULF FRQVWDQW LV ���� DQG WKH FHOO GLPHQ�
VLRQ LV � PP �VTXDUHG FHOOV DUH FRQVLGHUHG�� 7KH V\VWHP
PDWUL[ KDV D VL]H RI ���� DQG DIWHU XVLQJ Y

W
 ��b�� LW

EHFRPHV D PDWUL[ ZLWK D VSDUVLW\ RI DURXQG ���� DQG
EDQGZLGWK ���� $IWHU XVLQJ :%5$ �ZKLFK H[HFXWLRQ
WDNHV DURXQG � V� WKH nQDO EDQGZLGWK RI WKH WUDQVIRUPHG
PDWUL[ LV ��� ,Q 7DE� ,,� WKH WLPH WR HYDOXDWH D GLVSHU�
VLRQ FXUYH ZLWK ��� IUHTXHQF\�SRLQWV LV JLYHQ IRU WKH
WKUHH LPSOHPHQWDWLRQV �'*� %&* DQG :%5$�%1��
7LPHV DUH LQ VHFRQGV� DQG UHIHU WR DQ ,%0 ��� 7�

0HWKRG 7RWDO 7LPH

*- �����
%&* ����

:%5$�%1 ����

7DEOH ,,

$V SURYHG E\ WKH SUHVHQWHG UHVXOWV� WKH XVH RI D WKUHVK�
ROGLQJ RQ PDWUL[ HQWULHV� FRXSOHG ZLWK D WUDQVIRUPDWLRQ
RI WKH VDPH VR WKDW WKH EDQGZLGWK LV UHGXFHG DQG D
EDQGHG VROYHU FDQ EH XVHG ZLWK KLJK HpFLHQF\� HQKDQFHV
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PHDQLQJIXOO\ WKH SDFNDJH SHUIRUPDQFH �� WLPHV IRU WKH
��SRUW FLUFXLW� �� WLPHV IRU WKH ��SRUW RQH�� ,W LV DOVR
VXSHULRU WR WKH XVH RI LWHUDWLYH VSDUVH VROYHUV� 7KH DG�
YDQWDJH RI :%5$�%1 VWUDWHJ\ LV LQFUHDVLQJO\ HYLGHQW
IRU KLJKHU QXPEHUV RI H[WHUQDO SRUWV RI WKH FLUFXLW DQG
IRU KLJKHU FLUFXLW FRPSOH[LW\�

9,� &RQFOXVLRQ

,Q WKLV SDSHU D EDQGZLGWK UHGXFWLRQ DOJRULWKP KDV
EHHQ XVHG LQ FRQMXQFWLRQ ZLWK DQ LQWHJUDO HTXDWLRQ DS�
SURDFK IRU WKH PRGHOLQJ RI SODQDU FLUFXLWV� %DVHG RQ D
03,( DQG XVLQJ FORVHG�IRUP *UHHQ
V IXQFWLRQV� LW HQ�
VXUHV YHU\ KLJK SHUIRUPDQFH DQG QRWLFHDEOH DFFXUDF\�
GXH WR WKH H[SORLWDWLRQ RI WKH QXPHULFDO SURSHUWLHV RI
WKH SUREOHP� ,Q SDUWLFXODU� E\ HpFLHQWO\ WUDQVIRUPLQJ
WKH PDWUL[ RI WKH OLQHDU V\VWHP DWWDLQHG ZLWK WKH 0R0�
DQG XVLQJ VXLWDEOH V\VWHP VROYHUV� VSHHG�XSV RI XS WR
�� WLPHV KDYH EHHQ REVHUYHG ZLWK UHVSHFW WR VWDQGDUG
VWDWH�RI�WKH�DUW LPSOHPHQWDWLRQV RI WKH 03,(�0R0 DS�
SURDFK�

9,,� $FNQRZOHGJPHQW

)LQDQFLDO VXSSRUW IURP $6, �,WDOLDQ 6SDFH $JHQF\�
DQG VHYHUDO GLVFXVVLRQV ZLWK 3URI� 5� 6RUUHQWLQR DUH
JUDWHIXOO\ DFNQRZOHGJHG�

5HIHUHQFHV

>�@ 5� 6RUUHQWLQR �(G��� �1XPHULFDO 0HWKRGV IRU 3DVVLYH 0L�
FURZDYH DQG 0LOOLPHWHU :DYH 6WUXFWXUHV�� ����� ,(((

3UHVV� 1HZ <RUN�
>�@ 7� 5R]]L DQG 0� 0RQJLDUGR� �2SHQ (OHFWURPDJQHWLF :DYHJ�

XLGHV�� ����� ,(( 3UHVV� /RQGRQ�
>�@ -� 5� 0RVLJ DQG )� (� *DUGLRO� �*HQHUDO LQWHJUDO HTXDWLRQ

IRUPXODWLRQ IRU PLFURVWULS DQWHQQDV DQG VFDWWHUHUV�� 3URF�
,QVW� (OHF� (QJ�� SW� +� 0LFURZDYH 2SWLFV $QWHQQDV� YRO�
���� SS� ���^���� 'HF� �����

>�@ -� 5� 0RVLJ� �$UELWUDUO\ VKDSHG PLFURVWULS VWUXFWXUHV DQG
WKHLU DQDO\VLV ZLWK D PL[HG SRWHQWLDO LQWHJUDO HTXDWLRQ��
,((( 7UDQV� 0LFURZDYH 7KHRU\ 7HFK�� YRO� ��� SS� ���^����
)HE� �����

>�@ *� 'XUDO DQG 0� ,� $NVXQ� �&ORVHG�IRUP *UHHQ
V IXQFWLRQV
IRU JHQHUDO VRXUFHV DQG VWUDWLnHG PHGLD�� ,((( 7UDQV� 0L�

FURZDYH 7KHRU\ 7HFK�� YRO� ��� SS� ����^����� -XO� �����
>�@ 3� *D\�%DOPD] DQG -� 5� 0RVLJ� �7KUHH 'LPHQVLRQDO 3ODQDU

5DGLDWLQJ 6WUXFWXUHV LQ 6WUDWLnHG 0HGLD�� ,QW� -� 0: DQG

00 :DYH &RPS� $LGHG (QJ�� YRO� ��� SS� ���^���� 6HSW�
�����

>�@ <� /� &KRZ� -� -� <DQJ� '� *� )DQJ DQG *� (� +RZDUG�
�$ FORVHG�IRUP VSDWLDO *UHHQ
V IXQFWLRQ IRU WKLFN PLFURVWULS
VXEVWUDWH�� ,((( 7UDQV� 0LFURZDYH 7KHRU\ 7HFK�� YRO� ���
SS� ���^���� 0DU� �����

>�@ &� +� &KDQ DQG 5� $� .LSS� �$SSOLFDWLRQ RI WKH &RPSOH[
,PDJH 0HWKRG WR WKH 0XOWLOHYHO� 0XOWLFRQGXFWRU PLFURVWULS
/LQHV�� ,QW� -� 0: DQG 00 :DYH &RPS� $LGHG (QJ�� YRO�
��� SS� ���^���� 6HSW� �����

>�@ &� +� &KDQ DQG 5� $� .LSS� �$SSOLFDWLRQ RI WKH &RPSOH[
,PDJH 0HWKRG WR WKH &KDUDFWHUL]DWLRQ RI 0LFURVWULS 9LDV��
,QW� -� 0: DQG 00 :DYH &RPS� $LGHG (QJ�� YRO� ��� SS�
���^���� 6HSW� �����

>��@ .� )� 6DEHW� /�3�%� .DWHKL� .� 6DUDEDQGL� �:DYHOHW�EDVHG
&$' 0RGHOLQJ RI 0LFURVWULS 'LVFRQWLQXLWLHV XVLQJ /HDVW�
6TXDUH 3URQ\
V 0HWKRG�� ,((( 077 ,QW� 0LFURZDYH 6\PS�

'LJ�� SS� ����^����� �����
>��@ .� )� 6DEHW� �:DYHOHW�EDVHG 0RGHOLQJ RI 0LFURVWULS &LU�

FXLWV DQG $QWHQQDV�� ,((( 077 :RUNVKRS 'LJ�� $SSO� RI

:DYHOHWV WR (OHFWURPDJQHWLFV� �����

>��@ 0� ,� $NVXQ DQG 5� 0LWWUD� �'HULYDWLRQ RI FORVHG�IRUP
*UHHQ
V IXQFWLRQV IRU D JHQHUDO PLFURVWULS JHRPHWU\�� ,(((
7UDQV� 0LFURZDYH 7KHRU\ 7HFK�� YRO� ��� SS� ����^�����
1RY� �����

>��@ ,� 3DUN� 5� 0LWWUD DQG 0� ,� $NVXQ� �1XPHULFDOO\ HpFLHQW
DQDO\VLV RI SODQDU PLFURVWULS FRQnJXUDWLRQV XVLQJ FORVHG�IRUP
*UHHQ
V IXQFWLRQV�� ,((( 7UDQV� 0LFURZDYH 7KHRU\ 7HFK��
YRO� ��� SS� ���^���� )HE� �����

>��@ 1� .\QDLPDQ DQG 0� ,� $NVXQ� �(pFLHQW DQG $FFXUDWH (0
6LPXODWLRQ 7HFKQLTXH IRU $QDO\VLV DQG 'HVLJQ RI 00,&V��
,QW� -� 0: DQG 00 :DYH &RPS� $LGHG (QJ�� YRO� ��� SS�
���^���� 6HSW� �����

>��@ 5� -DFNVRQ� �)XOO�:DYH )LQLWH (OHPHQW $QDO\VLV RI ,UUHJXODU
0LFURVWULS 'LVFRQWLQXLWLHV� � ,((( 7UDQV� 0LFURZDYH 7KHRU\

7HFK�� YRO� ��� SS� ��^��� -DQ� �����
>��@ 0� 'LRQLJL� $� (VSRVLWR� 5� 6RUUHQWLQR DQG /� 7DUULFRQH� �$

7DEX 6HDUFK 6WUDWHJ\ IRU DQ (pFLHQW 6ROXWLRQ RI /LQHDU 6\V�
WHPV LQ (OHFWURPDJQHWLF 3UREOHPV�� ,QW� -RXUQDO RI 1XPHU�
LFDO 0RGHOOLQJ� YRO� ��� �� SS� �������� �����

>��@ $� (VSRVLWR� 6� )LRUHQ]R &DWDODQR� )� 0DOXFHOOL DQG /� 7DU�
ULFRQH� �$ QHZ EDQGZLGWK PDWUL[ UHGXFWLRQ DOJRULWKP�� WR
DSSHDU LQ 2SHUDWLRQV 5HVHDUFK /HWWHUV� �����
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)LJ� �� 6FDWWHULQJ SDUDPHWHUV RI PDWFKLQJ VHFWLRQ�D� LQ PDJQL�
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30 m m 30 m m15 m m

9 m m

6 m m

6 m m

vt S S o lu tion
E rror

β  E rro r S catter in g
P aram eter  E rro r

1 0-7 1 4 .6 4  % 0 .00  % 0 .0 2  % 0 .5 5  %
1 0-6 3 5 .9 7  % 0 .02  % 0 .0 5  % 0 .9 6  %
1 0-5 7 2 .9 4  % 5 .04  % 0 .0 4  % 0 .9 8  %
1 0-4 8 5 .7 1  % 5 .61  % 0 .0 7  % 1 .9 5  %
1 0-3 9 1 .0 9  % 62 .23  % 0 .2 7  % 7 .5 9  %
1 0-2 9 2 .7 0  % 2 12 .64  % 3 .1 7  % 2 2 .5 8  %

)LJ� �� 'RXEOH VWXE� VFKHPDWLF� SDWWHUQ RI WKH LPSHGDQFH PDWUL[
DQG WKUHVKROGLQJ HmHFW RQ WKH VROXWLRQ
V DFFXUDF\� 6 LV WKH
SHUFHQWDJH RI QRQ�]HUR HOHPHQWV

30 m m 6 m m 6 m m

6 m m

6 m m

9 m m

vt S S o lu t io n
E rro r

β E rro r S ca tter in g
P ara m eter

E rro r
1 0-7 1 0 .8 4 % 0 .0 0 % 0 .0 1 % 0 .1 0 %
1 0-6 3 5 .4 1 % 0 .0 7 % 0 .0 4 % 0 .2 4 %
1 0-5 8 0 .7 4 % 4 .9 2 % 0 .1 2 % 3 .0 2 %
1 0-4 9 3 .6 1 % 8 .1 4 % 0 .5 0 % 3 .8 3 %
1 0-3 9 5 .7 3 % 1 6 .5 9 % 0 .8 3 % 1 0 .0 9 %
1 0-2 9 6 .5 5 % 1 4 3 .0 3 % 3 .7 1 % 3 4 .3 1 %

)LJ� �� %UDQFK FRXSOHU� VFKHPDWLF� SDWWHUQ RI WKH LPSHGDQFH
PDWUL[ DQG WKUHVKROGLQJ HmHFW RQ WKH VROXWLRQ
V DFFXUDF\� 6

LV WKH SHUFHQWDJH RI QRQ�]HUR HOHPHQWV
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